Non-typable Streptococcus pneumoniae (NTPn) strains are typically isolated from nasopharyngeal carriage or from conjunctivitis. Since the isolation of NTPn from invasive disease is rare, we characterized the genetic basis of the non-typability of two isolates obtained in Italy from two cases of bacteraemic pneumonia. MLST revealed that both NTPn belonged to ST191, which, according to the MLST database, is associated with serotype 7F. Sequencing of the capsular locus (cps) confirmed the presence of a 7F cps in both strains and revealed the existence of distinct single point mutations in the wchA gene (a glycosyltransferase), both leading to the translation of proteins truncated at the C terminus. To verify that these mutations were responsible for the non-typability of the isolates, a functional 7F WchA was overexpressed in both NTPn. The two NTPn along with their WchA-overexpressing derivatives were analysed by transmission electron microscopy and by high-resolution magic angle spinning NMR spectroscopy. Both NTPn were devoid of a polysaccharide capsule, and WchA overexpression was sufficient to restore the assembly of a serotype 7F capsule on the surface of the two NTPn. In conclusion, we identified two new naturally occurring point mutations that lead to non-typability in the pneumococcus, and demonstrated that WchA is essential for the biosynthesis of the serotype 7F capsule.
INTRODUCTION
The Gram-positive pathogen Streptococcus pneumoniae is a major cause of community-acquired pneumonia, as well as upper respiratory tract infections such as acute otitis media and sinusitis, and invasive diseases such as meningitis, bacteraemia and endocarditis. However, S. pneumoniae is also a commensal of the upper respiratory tract, especially of young children, who represent the reservoir for pneumococcal transmission within the community.
The ability of the pneumococcus to invade sterile sites is related to the expression of a polysaccharide capsule, which provides a barrier against host cell-mediated phagocytosis and allows bacterial persistence in the blood (Brown et al., 1983) . In addition, capsular polysaccharides (CPSs) are immunogenic and antibodies against CPSs provide protection against pneumococcal disease; therefore, all of the current pneumococcal vaccines are based on a combination of different CPSs, either unconjugated or conjugated to a carrier protein (Gladstone et al., 2011) .
To date, 93 capsular types (serotypes) have been described on the basis of their different genetic, biochemical and antigenic properties (Bentley et al., 2006; Calix & Nahm, 2010; Park et al., 2007) . Each pneumococcal serotype corresponds to a distinct CPS, synthesized on the bacterial surface by enzymes which are encoded within a single capsule locus (cps), with a few notable exceptions (Llull et al., 1999) . The sequencing of different cps loci has revealed the presence of a core set of genes common to all capsular types, namely wzg, wzh, wzd and wze (also known as cpsA, B, C and D), and of additional genes that are CPS-specific (Bentley et al., 2006) . The different capsular types can be distinguished in the laboratory by reaction with type-specific antisera, evidenced by the capsular swelling or Quellung reaction (Austrian, 1976) . Only a minority of S. pneumoniae strains do not react with the anticapsular antisera; these strains, defined as non-typable Streptococcus pneumoniae (NTPn), are thought to be non-encapsulated. NTPn are typically isolated from carriage (Andrade et al., 2010; Sá-Leão et al., 2006) , but are also found in conjunctivitis (Carvalho et al., 2003) , acute otitis media (Xu et al., 2011) and, rarely, in invasive disease (Beall et al., 2006) . Non-typability can be due to different genetic modifications, such as partial or complete loss of the cps gene cluster (Hathaway et al., 2004) , and the presence of a novel gene (Baldry et al., 2009) , single point mutations (Arrecubieta et al., 1994) or sequence duplications (Waite et al., 2001) .
The characterization of NTPn by MLST has revealed the presence of specific non-typable pneumococcal lineages which have lost the cps gene cluster (Hanage et al., 2006; Hathaway et al., 2004) as well as of NTPn that are genetically related to encapsulated strains (Andrade et al., 2010; Hathaway et al., 2004) .
In this report, we investigated the genetic basis for nontypability of two NTPn isolates responsible for invasive disease. The strains were isolated in the same Italian hospital during 2006 through the surveillance network of invasive pneumococcal disease (Gherardi et al., 2009 ) from two cases of bacteraemic pneumonia.
METHODS
Bacterial strains and growth conditions. S. pneumoniae AP422 and AP426 were isolated from the blood of two adult patients with pneumonia admitted to the same Italian hospital in 2006. S. pneumoniae AP425 (clinical isolate, serotype 7F) was used as a control. Strains were grown at 37 uC in a 5% CO 2 -enriched atmosphere on Columbia agar plates (Oxoid) with 5 % sheep blood, or on Tryptic Soy Agar plates (Becton Dickinson) supplemented with 10 mg colistine l 21 , 5 mg oxolinic acid l 21 and 5 % sheep blood. For genomic DNA extraction and NMR spectroscopy, liquid cultures were grown statically at 37 uC in 5 % CO 2 in Todd-Hewitt broth (Becton Dickinson) supplemented with 0.5 % (w/w) yeast extract (THYE) to OD 600 0.25.
Serotyping. Serotyping was performed by the latex agglutination test and the Quellung reaction, using antisera produced by the Statens Serum Institute (Copenhagen, Denmark).
MLST. Genomic DNA from pneumococcal strains was prepared with the Wizard Genomic DNA Purification kit (Promega) following the manufacturer's instructions. MLST was performed as previously described (Bagnoli et al., 2008) .
7F cps detection and sequencing. The amplification and sequencing of 7F cps was performed on the genomic DNA of strains AP422, AP426 and AP425 using the primers listed in Supplementary  Table S1 , generating short overlapping DNA fragments. Amplicons were purified with magnetic carboxylated beads (Agencourt Bioscience); sequencing was carried out with an ABI 3730xl DNA analyser (Applied Biosystems). Traces were visually inspected, edited, assembled and analysed with Vector NTI Advance 10.3.1 (Life Technologies).
Cloning and S. pneumoniae transformation. The shuttle plasmid pMU1328_Pc_wchA was obtained as described below. Briefly, the wchA gene of the AP425 strain and the constitutive promoter of erythromycin (Pc) (Gentile et al., 2011) were amplified with the primers wchA_for (59-GTGCGTGGATCCATGGATGAAAAAGGA-TTGAAAATT-39) and wchA_rev (59-CAGCGTGGATCCTCACTT-CGCCCCTTCTCTCATAAA-39), and Pc_for (59-GTGCGTGAATT-CGAAACAGCAAAGAATGGCGGAAAC-39) and Pc_rev (59-CAGC-GTGGATCCGTAATCACTCCTTCTTAATTACAA-39), respectively. The two PCR products, digested with BamHI and EcoRI/BamHI restriction enzymes, respectively, were cloned into pMU1328, containing an erythromycin-resistance marker (Achen et al., 1986) . The ligation mixtures were then transformed into competent Escherichia coli DH10B, and transformants were selected on plates supplemented with erythromycin (100 mg ml 21 ). Pc_wchA insertion was confirmed by sequencing. pMU1328_Pc_wchA was then transformed into AP422 and AP426 by conventional methods (Alloing et al., 1998) , and transformants were selected using erythromycin (1 mg ml 21 ), analysed by PCR to confirm the presence of the plasmid, and further investigated for the presence of the capsule.
Transmission electron microscopy (TEM). For ultrastructural analysis of the polysaccharide capsule, bacterial strains were grown on Columbia agar plates and prepared following the immune-stabilization method (Jacques & Gottschalk, 1997) . Briefly, bacteria were resuspended in 0.5 ml PBS, pH 7.4, and incubated with 0.1 ml type 7 antiserum (Statens Serum Institute) for 1 h at 4 uC. After immunestabilization, bacterial cells were centrifuged at 2500 g for 10 min at 4 uC, and fixed in fixation solution containing 2.5 % (v/v) glutaraldehyde, 0.075 M lysine acetate in cacodylate buffer (0.1 M, pH 7.0) with 0.075 % (w/v) ruthenium red (CR buffer) for 2 h at 4 uC. Controls processed using an unrelated antiserum (type 21), or without antiserum stabilization, were performed simultaneously. All bacterial samples were then washed three times with CR buffer and post-fixed with 1 % (w/v) osmium tetroxide in CR buffer for 1 h at room temperature. Subsequently, samples were washed three times with cacodylate buffer, dehydrated through a graded series of ethanol, and embedded in Agar 100 epoxy resin (Agar Scientific). Ultrathin sections of bacterial samples were placed on Formvar-coated copper grids, post-stained with uranyl acetate and lead citrate, and examined with a Philips 208s electron microscope at 80 kV. Type 7F CPS detection by high-resolution magic angle spinning NMR spectroscopy (HR-MAS NMR). Bacteria recovered from THYE were inactivated by 1 % (v/v) formaldehyde treatment and then washed three times with PBS in deuterium oxide (D 2 O; Sigma-Aldrich). Approximately 50 ml of compact pellet was inserted into a Kel-F disposable insert for a 50 ml volume and then in a 4 mm MAS ZrO 2 rotor (Bruker). Proton HR-MAS NMR experiments were recorded by a Bruker Avance III 400 MHz spectrometer using a Bruker 4 mm HR-MAS probe. The spectra were recorded at a 4500 Hz spin rate and 25 uC. The 1 H spectra were acquired with the combination of a diffusion filter pulse sequence with gradient pulses (diffusion filter 85 %), to remove the low-molecular-mass species free in solution, and a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [90-(t-180-t) n -acquisition] as T2 filter (76.8 ms), to remove the broad signals of larger molecular species. Five milligrams of purified 7F polysaccharide (Merck) were solubilized in 0.75 ml D 2 O (Sigma-Aldrich), the solution was inserted into a 5 mm NMR tube (Wilmad), and the proton NMR experiment was recorded at 25 uC by the same spectrometer, using a 5 mm broadband probe (Bruker). The 1 H NMR spectrum was recorded using a standard one-pulse experiment. Both the solid-and liquid-state NMR spectra were collected with 32 k data points over a 10 p.p.m. spectral width. The wchA mutations in non-typable S. pneumoniae IP: 54.70.40.11
On: Sun, 04 Aug 2019 15:08:08 transmitter was set at the water resonance frequency, which was also used as the reference signal (4.79 p.p.m.). The TopSpin 2.1 software package (Bruker) was used for data acquisition and processing of all spectra.
RESULTS
NTPn strains AP422 and AP426 contain a 7F capsular locus with point mutations in wchA
The two invasive S. pneumoniae strains, AP422 and AP426, were defined as non-typable, since serotype testing (confirmed by the Statens Serum Institute) did not reveal positivity for any capsular type. In order to verify that these strains belonged to a clonal lineage specifically referable to non-typable pneumococci, they were subjected to MLST analysis. Both AP422 and AP426 were ST191, which, according to a search performed on the S. pneumoniae MLST database (http://www.mlst.net/, accessed on 18 August 2011), is mainly (96 %) associated with serotype 7F. Using PCR amplification, 7F cps was detected in both AP422 and AP426 and then sequenced. Comparison with two reference 7F cps sequences (GenBank accession nos CR931643 and ABFT01000009) revealed the presence of the entire 7F locus, with an overall nucleotide identity of 99.8 % in the two strains. Sequence analysis highlighted the existence of a distinct single point mutation in the wchA gene in both strains. With respect to the reference wchA nucleotide sequence, AP422 wchA showed a frameshift mutation due to the deletion of an adenine in position 910, while AP426 wchA showed a G1081T transversion, which creates a new stop codon. Both mutations lead to the formation of a shorter wchA gene associated with the translation of a protein truncated at the C terminus (Fig.  1) . The NCBI Conserved Domain algorithm (http://www. ncbi.nlm.nih.gov/cdd) predicts the WchA catalytic domain to be at the C terminus of the protein (Fig. 1) , so that the truncated WchA proteins encoded by AP422 and AP426 are predicted to be enzymically inactive. In the polysaccharide biosynthesis pathway, WchA (also known as CpsE) is the initial glucose phosphate-transferase, responsible for the linkage of an activated glucose phosphate to the lipid carrier (Pelosi et al., 2005) . Since WchA has been demonstrated to be required for the biosynthesis of other capsular types (Pelosi et al., 2005) , the mutations identified in wchA in both AP422 and AP426 are likely to be responsible for their non-typability.
Overexpression of a functional WchA restores the ability of S. pneumoniae to synthesize the 7F capsule
With the aim of demonstrating that the mutations present in wchA were sufficient to account for the lack of capsule in AP422 and AP426, a functional WchA was overexpressed in both NTPn strains. AP422 and AP426 were transformed with the recombinant plasmid pMU1328_Pc_wchA to generate the respective recombinant strains AP422+p MU1328_Pc_wchA and AP426+pMU1328_Pc_wchA. The two transformed NTPn yielded a positive reaction with the 7F antiserum in the Quellung reaction. To confirm that WchA overexpression had restored the ability to synthesize a capsule at levels comparable with those of a wild-type capsulated strain, the NTPn isolates along with their WchAoverexpressing derivatives were analysed by TEM and by HR-MAS NMR, using the serotype 7F strain AP425 as a positive control. For TEM analysis, the two NTPn strains along with AP425 and the WchA-overexpressing derivatives were stabilized with type 7 antiserum before processing for TEM observation. This method was chosen as an alternative Fig. 1 . Alignment of the WchA amino acid sequences of the reference strain 554/62 (GenBank accession no. CR931643) and the two NTPn, AP422 and AP426. In both AP422 and AP426, wchA is translated as a C-terminal-truncated protein. Bold type indicates the catalytic domain as predicted by the NCBI Conserved Domain algorithm; italic type indicates an alternative C terminus due to a frameshift in the nucleotide sequence of AP422.
to the standard fixation protocol with lysine and ruthenium red (Kreikemeyer et al., 2011) ; indeed, the latter appeared to be inadequate to visualize the 7F capsule polysaccharide (data not shown), since it does not contain anionic charged moieties (Moreau et al., 1988) . After immune-stabilization, a well-preserved dense and thick capsular material was observed surrounding the AP425 bacterial cells (Fig. 2a) , while non-typable AP422 (Fig. 2b) and AP426 (Fig. 2c) did not exhibit the characteristic polysaccharide layer on the surface. In WchA-overexpressing AP422 and AP426 (Fig. 2d,  e ), TEM examination revealed cells surrounded by a CPS structure comparable with that of AP425, although the capsule of WchA-overexpressing AP422 appeared heterogeneous and in some bacterial cells slightly irregular and thinner. In order to confirm the data obtained by TEM, proton HR-MAS NMR spectra directly recorded on inactivated cells in the heterogeneous phase were obtained. 1 H NMR spectra collected on purified polysaccharide in the liquid state clearly revealed specific peaks corresponding to the 7F CPS, such as the anomeric protons at 5.0-5.6 p.p.m. and the C6 methyl group of rhamnose at 1.2-1.4 p.p.m. (Fig. 3a, b ). Spectral analysis showed the absence of the 7Fspecific peaks in the two NTPn and in AP422 and AP426 transformed with an empty pMU1328 plasmid (Fig. 3b) , while the above-mentioned 7F-specific peaks were present both in the capsulated AP425 and in the WchA-overexpressing AP422 and AP426 (Fig. 3b ). Although signals of other 1 H-NMR-sensitive molecules expressed on the bacterial surface partially overlapped with the CPS peaks, the anomeric proton at 5.6 p.p.m. and the C6 methyl group of rhamnose at 1.2-1.4 p.p.m. fall in spectral windows without other peaks, so that the assignment results are certain.
DISCUSSION
It is commonly assumed that NTPn lack the polysaccharide capsule, the principal pneumococcal virulence factor, which acts by protecting the bacteria during the early phase of infection. Capsule deficiency impairs the capability of NTPn to evade the host's immune defence, so that only rarely are these strains able to persist in the blood and cause invasive disease. The mechanism by which these strains overcome complement activity and phagocytosis during infection remains largely unknown. Other pneumococcal structures, such as the surface proteins PspA (Ren et al., 2003) and PspC (Jarva et al., 2002) , are able to inhibit complement activation and deposition, and likely contribute to the inhibition of phagocytosis. Indeed, very few cases of invasive disease due to NTPn have been reported in large epidemiological studies (Beall et al., 2006) .
Hathaway and co-workers reported that cps was present in approximately 30 % of naturally occurring NTPn. Nontypability was assumed to be due to mutations in the cps genes, although sequencing was not performed and the gene(s) involved remained unknown (Hathaway et al., 2004) .
In this study, we have investigated the molecular basis of the non-typability of two non-typable strains isolated from cases of bacteraemic pneumonia in the same hospital during the same year. Molecular analysis of the two wchA mutations in non-typable S. pneumoniae invasive NTPn revealed that the strains were genetically related, since both belonged to ST191 and carried the 7F cps. However, they presented distinct point mutations in the wchA gene that were responsible for their non-encapsulated phenotype. wchA is responsible for the first step of capsule biosynthesis, since it encodes a glycosyltransferase that catalyses the transfer of the initial sugar to a lipid acceptor, thus initiating the synthesis of the capsule repeat units (Pelosi et al., 2005) . Both mutations, introducing a premature stop codon in wchA, are expected to produce a glycosyltransferase truncated in its catalytic domain (Pelosi et al., 2005) . Re-establishment of a functional wchA in both NTPn restored the 7F capsule production, as clearly demonstrated by serotyping, TEM and HR-MAS NMR. HR-MAS spectroscopy appears to be a powerful methodology to detect the bacterial capsule and to confirm its identity. In fact, although the polysaccharide capsule content could not be precisely quantified due to the variable number of cells used as an input in the analysis, this method did give a semiquantitative estimate of the specific polysaccharide expressed on the bacterial surface.
Our report is believed to be the first to describe naturally occurring wchA mutations responsible for the non-typable phenotype in pneumococci. The essentiality of wchA for capsular assembly has been shown elsewhere in laboratory mutants of other S. pneumoniae serotypes. Insertionduplication mutagenesis or introduction of a premature stop codon in wchA have made pneumococci of serotypes 19F, 14, 9N, 13 and 15B unable to produce the capsule (Guidolin et al., 1994; Kolkman et al., 1996 Kolkman et al., , 1998 . Furthermore, sequence duplications within wchA have been found to be responsible for capsular phase variation in Sorbarods-generated pneumococci of serotypes 3, 8 and 37 (Waite et al., 2001 (Waite et al., , 2003 . This study has identified two new point mutations, both involving wchA, responsible for the unencapsulated phenotype in two NTPn isolated from invasive disease, and this also provides evidence regarding the key role of wchA in the serotype 7F capsule biosynthesis process. This result suggests that single point mutations represent a mechanism that generates NTPn in nature besides the mechanisms already described, such as downregulation of capsule synthesis or loss of the capsule biosynthetic locus (Hathaway et al., 2004; Hanage et al., 2006) . It is intriguing that two genetically related strains, isolated from invasive disease in the same hospital in the same year, underwent distinct point mutations in wchA, thus affecting the production of a type 7F capsule. The success of such strains in causing invasive disease might be due to protection from the immune response exerted by other virulence factors and/or an immune deficiency of the host. Unfortunately, no data are available concerning the immunological status of the patients from whom AP422 and AP426 were isolated. Furthermore, it is difficult to distinguish whether the mutations occurred prior to or during infection, since we do not have serial isolates from the same patient. Extensive analyses of NTPn collections will ascertain whether wchA is prone to point mutations, leading to the loss of capsule, in other NTPn clinical strains, and estimate how frequently the single point mutation mechanism is used by pneumococci to silence capsule expression.
